BACKGROUND
Care coordination has been identified as a priority area for the nation. [1] [2] [3] Leading payment and delivery reform proposals-including bundled payment, accountable care organizations (ACOs), and patient-centered medical homes (PCMHs)-are expected to reduce costs and increase quality through mechanisms that improve harmonization of care across multiple providers. [4] [5] [6] [7] These policies would be facilitated by practical approaches that can document different aspects of coordination. While, in the future, it may be possible to use interoperable cross-provider electronic health records to measure coordination, health insurance claims are currently the only source of digital data that can practically be used for this purpose on a large scale.
Coordination is a multidimensional concept, encompassing the ways in which information is shared "across people, functions, and sites" and "over time". 8 Previous claimsbased measurement approaches have emphasized continuity indices, such as percent of visits with the same provider, and dispersion and fragmentation metrics, which consider the number and types of providers seen in a given timeframe. [9] [10] [11] [12] These types of measures document the availability of longitudinal care and the potential challenges of having multiple providers. Such indicators are unable to account for relationships that exist between a patient's providers that serve to facilitate key domains of coordination including communication among team members and appropriate follow-up.
In this paper, we attempt to fill this gap by examining whether patients whose providers frequently share patients with one another tend to have lower costs of care. The approach is built on a network analytic approach-the analysis of relationships among people. [13] [14] [15] [16] It is based on the premise that certain aspects of coordination may be reflected and/or facilitated by patients seeing physicians whose patient panels significantly overlap. Barnett and colleagues found that physicians "sharing" more patients (with "sharing" measured as claims for a common patient) are more likely to know one another through referrals and advice seeking. 13 These physicians may be more likely to communicate and work with one another, potentially leading to better coordination for their patients.
To implement this approach, we constructed physician networks based on the observed patient sharing within health plans. For patients with congestive heart failure (CHF) and diabetes-two clinical conditions for which coordination is likely important 17 -we calculated the extent of patient sharing among their doctors-a measure we term 'care density'. We tested the association between patients' care density and their health care costs.
METHODS

Data Sources
Administrative databases from five large commercial insurance plans were the primary data source. Plans ranged in size from 460,000 to 890,000 members and represented all four Census regions. All plans were obtained from the IMS Health Plan Claims Database and represented a range of different product types including employer-sponsored insurance and Medicare Advantage. Plan membership files from 2009 were used to assign age, sex, and months of enrollment. Inpatient, outpatient, and outpatient pharmacy claims data were employed.
Cohort Definition
We generated a nested cohort for the two clinical conditions. The larger cohorts of patients with cardiac and endocrine diseases were used to define the amount of patient sharing between physicians. The decision to use the larger cohorts was based on the premise that physicians may share patients for a host of clinical conditions (e.g. CHF, angina, arrhythmias) and that the patient sharing across conditions reflects the extent to which doctors know one another. The amount of patient sharing among physicians was then applied to the physicians seen by patients in the smaller cohort. The smaller cohorts (i.e. the CHF and diabetes cohorts) were subsets of the larger ones and provided a more homogeneous sample with which to determine the association between patient sharing and costs.
The larger cohorts included all patients age 40 and over with a cardiac or endocrine condition, respectively, as defined by expanded diagnostic clusters (EDCs). EDCs are part of the Johns Hopkins Adjusted Clinical Group (ACG) Case-Mix Assessment System (version 10.0) and are groupings of diagnostic codes that describe the same or related conditions. 18 EDCs are applied to all visits, and a visit may have multiple EDCs.
For the larger cardiac cohort, patients were included if they had outpatient visits (either office-based or outpatient hospital visits) with at least two different cardiac providers during 2009. Cardiac providers were defined as either primary care providers (internal medicine doctor without subspecialty training, family practitioner, or general practitioner) and/or cardiologists. Visits to these types of physicians represented 82.6% of all cardiac-related outpatient visits; the remaining specialty types each billed for less than 5% of visits. Due to the high prevalence of hypertension and relatively low proportion of patients who saw multiple providers for this condition, hypertension was not included with the other cardiac EDCs. The cardiac cohort had 86,987 patients.
Similarly, the endocrine cohort included 80,804 patients who had outpatient visits with at least two endocrine providers. Endocrine providers included primary care doctors (57.9% of all endocrine-related outpatient visits), endocrinologists (9.3%), cardiologists (7.8%), ophthalmologists (7.5%), and podiatrists (7.2%). The remaining specialty types each billed for less than 3% of visits.
For the smaller cohorts, we included all patients over age 40 with CHF/diabetes who were enrolled in the health plans for a full year. For the CHF cohort, patients were required to have outpatient visits with at least two different cardiac providers. The CHF cohort included 9,596 patients.
For diabetes, patients were required to have diabetes EDC and outpatient visits with at least two different endocrine providers. The diabetes cohort included 52,688 patients.
Calculating Care Density
To determine the extent of patient sharing, we calculated a measure we term 'care density'. This is a patient-level measure that quantifies the amount of patient sharing among his or her providers. The numerator is the total number of instances of patient sharing over a time period (e.g. a year) among a patient's doctors. The denominator is the total number of pairs of doctors for that patient. Specifically, the care density (C p ) for a given patient p is represented by the formula:
Where n is the number of distinct doctors that patient p saw, m is the total number of possible pairs of doctors, and w is the number of shared patients for each pair of doctors.
An example is given in Figure 1 . The patient represented by the thick solid line saw 3 doctors (A, C, and D). There are three possible pairs of doctors (AC, AD, and CD). The denominator is 3. Doctors AB share 1 patient, AD share 3, and CD share 1 (each of these sums include patient under consideration). The numerator is 5. The patient's care density would therefore be C p = 1.67.
We calculated care density based on outpatient visits among cardiac/endocrine providers. Because provider iden-tification numbers were unique to each commercial health plan, care density was calculated separately for each plan using the igraph software package in R version 2.14.1.
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Outcome Measures
Outcomes were total, outpatient, inpatient, outpatient and pharmacy costs during the 2009 calendar year. Costs were measured as the sum of allowed charges which include the paid amount plus any member liability (e.g., co-pay, deductible and co-insurance). Costs were not specific to cardiac/endocrine EDCs. We also calculated the total number of inpatient admissions per patient.
Patient and Health Plan Characteristics
Age and gender were determined from the plan membership files. Comorbidity was assessed using the Johns Hopkins ACG Case-Mix Assessment System. 20 Diagnostic codes were assigned to 32 different Aggregated Diagnostic Groups (ADGs). Each ADG is a morbidity grouping with clinically homogeneous diagnosis codes that have similar expected need for health care resources. The count of different ADGs (morbidity types) for each patient was used as a measure of comorbidity.
Products in each insurance plan were classified as commercial, Medicare Advantage, and other/unknown payer. We also designated each plan type as HMO, PPO, and other/unknown.
Coordination Measures
We assessed multiple measures of care coordination used in previous studies: whether the patient saw a PCP; 21 the total number of different cardiac or endocrine providers; the usual provider of care (UPC) index, which reflects the proportion of visits to the doctor that the patient saw most frequently; 12 and the Bice Boxerman Continuity of Care (COC) index, which represents the dispersion of visits across providers. 11 
Statistical Analyses
We used descriptive statistics to examine patient characteristics, care density, total costs, and hospitalizations among CHF and diabetes patients. Bivariate analyses were used to examine the association between covariates and care density. Care density was categorized in plan-specific tertiles due to its non-normal, skewed distribution and the hypothesized non-linear association with costs. Multivariable linear regression models were constructed to assess whether care density was correlated with total costs of care as well as with inpatient, outpatient, and pharmacy costs separately. A negative binomial model with quadratic variance function was used for counts of hospitalization.
In sensitivity analyses we constructed sets of nested cohorts of patients with CHF and diabetes including both inpatient and outpatient visits. Second, we included patients who received CHF/diabetes care from a single provider. In order to keep the inclusion criteria parallel to the main analytic sample, we required that patients have at least two CHF/diabetes visits during the study period. Third, we tested whether adjusting for UPC or COC indices changed the association between care density and outcomes. Due to collinearity between UPC and COC, the two were assessed in separate models. Fourth, in the diabetes cohort, we calculated care density using only primary care doctors and endocrinologists, because it was hypothesized that these doctors may be most central to coordinating diabetes care. This study was exempted by the Johns Hopkins Bloomberg School of Public Health Institutional Review Board.
RESULTS
Our sample included 9,596 patients with CHF, of whom 44.7% were female and the mean age was 72.5 years (Table 1) . They saw a mean of 2.86 different outpatient Table 1 presents the range of values across the 5 insurance plans, available online). Care density ranged from 1 to 100 in the CHF cohort with a mean of 4.09 and from 1 to 120 in the diabetes cohort with a mean of 3.16. Table 2 presents comparisons of care density with patient and plan characteristics, coordination measures, and outcomes. In both cohorts, patients with higher care densities (defined as the top tertile and indicating the highest level of patient sharing among a patient's providers) had the lowest average total, inpatient, and outpatient costs. There were no clear patterns of association between care density and measures of care coordination. The strength of the association was generally low, and insignificant for some measures (see Supplemental Table 2 , available online).
Figure 2 presents the differences in annual costs among the middle and high care density groups, relative to the low density group and adjusting for patient and plan characteristics (see Supplemental Table 3 for complete model, available online). For patients with CHF, high care density was associated with a $3,310 reduction in total costs compared to the lowest tertile (p<0.001). High care density was associated with significantly lower inpatient costs ($2,563, p=0.001) but not lower outpatient or pharmacy costs. The adjusted annual rate of hospitalization for the high care density group was 83.4% of the rate in the low density group (p<0.001).
Similar results were found for patients with diabetes (see Fig. 2 and Supplemental Table 4 , available online). Patients with high care density had, on average, $1,502 lower total costs compared to patients in the lowest tertile (p<0.001). High care density was associated with lower inpatient ($992) and outpatient ($670) costs. The adjusted annual rate of hospitalization for the high care density group was 87.9% of the rate in the low density group (p<0.001). Higher pharmacy costs ($160) were associated with having a high compared to a low care density (p<0.001).
In sensitivity analyses, qualitatively similar results were found for patients when constructing care density using both inpatient and outpatient providers (Supplemental Tables 5 and 6 , available online). For each cohort, higher care density was associated with lower total costs. Including patients who saw only a single physician did not significantly alter the associations between care density and costs/ hospitalization (Supplemental Tables 7 and 8, available  online) . Having a single provider was associated with lower costs (total and outpatient costs for CHF; total, inpatient, outpatient, and pharmacy costs for diabetes) and lower rates of hospitalization compared to patients with more than one provider in the lowest care density tertile. Neither UPC nor COC were significantly associated with costs/hospitalizations and including them in regression models did not change the associations between care density and outcomes. Constructing care density with only primary care doctors and endocrinologists in the diabetes cohort revealed similar patterns of results (Supplemental Table 9 , available online).
DISCUSSION
We found that CHF and diabetes patients receiving care from doctors with higher levels of shared patients (i.e. higher care density) had significantly lower total and inpatient costs and rates of hospitalization.
Prior work has validated that physicians with higher levels of patient-sharing in claims data are more likely to seek advice from one another, have referral relationships, and work in the same practice. 13 In this context, patient sharing is likely to reflect higher levels of information exchange and interactive communication. 13, 22, 23 This exchange may occur through formal (e.g., shared medical records, case conferences) or informal mechanisms (e.g., curbside consults, hallway conversations) and would be enhanced by the structural capabilities that allow doctors within and between practices to more effectively communicate with one another (e.g. health information technology, electronic referrals). [24] [25] [26] It is therefore plausible that patients who see doctors with higher number of shared patients may receive better coordinated care. However, caution must be taken when interpreting the results-having a high number of shared patients does not indicate that two physicians are necessarily exchanging information about a particular patient. Further validation of the current approach is warranted.
Administrative and claims data may sometimes contain information about practice structure 27, 28 and methods have been developed to link physicians to hospitals where they are most likely to be affiliated. 29 However, grouping physicians into practices networks and by hospital affiliation is usually challenging with standard data. Moreover, these groupings do not necessarily capture advice seeking or informal modes of communication that may be an important component of coordinated care, especially given the large proportion of PCPs that practice in solo-and small-group practices. 30 The current approach may help address these shortcomings by providing a reasonably straightforward way to measure the strength of linkages between doctors. It is also possible that care density may be useful in describing differential levels of coordination that patients may receive within ACOs and PCMHs and between different health care delivery systems.
The majority of existing coordination and fragmentation measures use surveys to determine the patient and/or family perspective on their satisfaction with care coordination. 8 The patient-centeredness of care has been postulated to be a key component of care integration. 31 It is unknown whether patients with higher care densities perceive higher levels of coordination and have greater satisfaction. Further, the current approach does not account for other dimensions of care coordination that may impact outcomes, such as longitudinal continuity of care. We observed a low correlation between care density and existing measures that assess visit concentration and fragmentation. This suggests that care density may measure a unique aspect of care that is not captured by existing measures. However, further research is necessary to determine to what extent care density may be used in conjunction with these measures to more completely characterize the multiple facets of coordination. Additionally, given the exponential increase in the availability of EHRs and other HIT, the degree to which care density can be integrated into electronically derived measures of coordination attainment (e.g. electronic exchange of consult information) also represents a fertile area for future metric development.
The study was specifically designed to use claims data to assess care coordination. However, the use of claims data is associated with multiple limitations and suggests potential extensions of this work. First, as with all claims-based measures of coordination, we are unable to evaluate whether care was truly coordinated for a given patient. Instead, we present an approach that may suggest conditions that are more or less favorable towards coordinated care. Second, although we applied a well-tested case-mix adjustment methodology, we were unable to assess the severity of the clinical conditions (e.g. ejection fraction in CHF and hemoglobin A1c in diabetes). Third, we were unable to determine structural features of the relationships between physicians (e.g. being members of a group practice or IPA). To the extent that this correlates with higher levels of patient sharing, the proposed measure of care coordination captures this information. Fourth, we relied on total costs as the primary outcome measure as claims data are limited in their ability to attribute costs to particular conditions. 32 Additional analyses are necessary to examine services that may be directly on the causal pathway (e.g. overuse of imaging and tests) and which may be markers for quality of care. Fifth, we construct our network measures for specific diseases, limiting it to doctors who we believe are most likely involved in care coordination. It is possible to consider alternative specifications, especially given that patients frequently have multiple comorbid illnesses. Sixth, our analyses are limited to patients from larger insurers rather than the universe of all patients within a given geographic area. We therefore underestimate the number of shared patients between doctors. Finally, we were unable to examine how care density varies according to patient race/ethnicity and socioeconomic status, and whether care density mediates potential disparities in costs and outcomes.
Care coordination is postulated to be a key mechanism in improving health care quality and reducing costs. It is therefore critical to measure care coordination at a population-level using existing data sources. The current study suggests a novel approach that uses patient sharing to assess potential aspects of coordination, is based on claims data, and finds significant associations with costs of care and hospitalizations.
